In spite of extensive studies on NiO and their accomplishments, the rich physics still raises unsolved physical problems. In particular, the nature of the two-peak structure in the valence band photoemission spectra is still controversial. By using ab initio LQSGW+DMFT, the two-peak structure is shown to be driven by the concerted effect of antiferromagnetic ordering and intersite electron hopping. Magnetic ordering in the Ni-eg orbitals splits majority-and minority-spin Ni-t2g levels due to local Hund's coupling. Strong hybridization between O-p and Ni-eg, a signature of the Zhang-Rice bound state formation, boosts oxygen-mediated intersite Ni-eg orbital hopping, resulting in the enhancement of majority-spin Ni t2g-eg splitting. Interestingly, these two splittings of distinct physical origins match and give rise to the observed two-peak structure in NiO. Our new understanding should be useful in designing advanced devices based on the NiO for the hole transport.
Introduction.-A late-transition metal monoxide NiO has been an archetypical material to explore intricate strong correlation phenomenona and propose new concepts peculiar to strongly-correlated systems. In early 1900s, NiO has been suggested, as a Mott-Hubbard insulator where its wide band gap originates from strong on-site d-d Coulomb interactions. In late 1900s, Zaanen et al. classfied NiO as a charge-transfer insulator where its gap originated from the charge transfer between nickel and oxygen [1] . In recent years, its first ionize state is regarded as a Zhang-Rice bound hole state [2, 3] .
Lately, the potential usage of NiO in advanced photovoltaic and spintronic devices has revived scientific and technological interests in NiO and require a deeper understanding of its electronic structure. The p-type NiO has been proposed as hole transport layers in perovskite solar cell to improve device stability against oxidation [4, 5] . NiO has been used for spintronic applications to benefit from its high Neel temperature (T N =525K) [6] [7] [8] [9] .
In spite of the extensive studies and accomplishments, the rich physics still raise unclear physical problems in NiO. In particular, the nature of the two-peak structure in angle-integrated valence-band photoemission spectra are still unclear. Fig. 1 (a) shows valence band photoemission spectra below the Neel temperature [10] . Two peaks (A and B) are designated as main peaks in valence band photoemission spectra and also observed in X-ray core-level photoemission [10] [11] [12] [13] [14] [15] [16] [17] . It has been known experimentally that non-locality and antiferromagnetic ordering are essential to give rise to the two-peak structure. In the valence band photoemission on NiO impurity embedded in MgO, B peak is strongly suppressed, implying the non-local nature of the peak B [18] . In addition, peak A dominates the line shape and peak B is suppressed at the Neel temperature, inferring its magnetic origin [10] .
To understand the nature of the two-peak structure theoretically, various approaches are being pursued. One of the approaches is configuration interaction (CI) calculation of cluster models. From the single NiO 6 cluster calculation [12, 19] , important low-lying many-body states have been identified including 4 T 1 high-spin state (a hole in the minority-spin Ni-t 2g orbitals and surrounding O-p orbital), 2 E low-spin state (a hole in the majority-spin Ni-e g orbitals and surrounding O-p orbital), and 2 T 1 lowspin state (a hole in the majority-spin Ni-t 2g orbitals and surrounding O-p orbital). Motivated by the experimental implication, several ideas to take into account non-local and magnetic nature have been suggested and tested by expanding the size of the cluster. They succeed to reproduce the observed two-peak structure but reached to different interpretation on the nature of the two-peak structure. Taguchi et al. [16] added additional effective orbitals, playing the role of playing the role of ZhangRice doublet bound state, to the single NiO 6 cluster calculation. They concluded that the two-peak structure is attributed to the effective screening orbitals playing the role of Zhang-Rice bound states with e g symmetry. Kuo et al. expanded the size of the cluster to Ni 3 O 16 chain made of three corner-shared NiO 6 octahedra. They concluded that the two-peak structure is due to 4 T 1 high-spin state and 2 E low-spin state [10] .
Strong cluster model dependence on the nature of the two-peak structure has motivated the calculation of the line-shape of periodic system from first principles. The advantage of this approach is that we can avoid issues with possible boundary effects as wells as the choice of model and its parameters. It provides density of state, which can be interpreted as a photoemission line-shape without matrix element. Various ab initio studies have been already conducted to investigate electronic structure of NiO [3, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] but it turns out that understanding the nature of the two-peak structure from first principles is a challenging task. To illustrate, density functional theory doesn't display peak A and B splitting below Neel temperature. Although ab initio quasiparticle GW provides two-peak structure below Neel tem- perature, but it is hard to explain the observed temperature dependence of the two-peak structure since NiO is a metal above Neel temperature in the framework. Recently, self-interaction corrected LDA+DMFT reproduced two-peak structure in the paramagnetic phase and peak B is attributed to O-p orbitals [32] , although both peaks (A and B) are known to originate from Ni-d orbitals experimentally [15, 18] .
To understand the nature of the two-peak structure, we need a parameter-free framework suited for both paramagnetic (PM) and antiferromagnetically (AFM) ordered phases. One of the promising frameworks is ab initio LQSGW+DMFT. In this parameter-free approach, nonlocal electron correlation is treated within ab initio linearized quasiparticle self-consistent GW and strong local correlation is within dynamical mean-field theory. In this study, by using ab initio LQSGW+DMFT framework, we calculated the electronic structure of both paramagnetic and antiferromagnetically ordered phases of NiO and investigated the nature of the two-peak structure.
Methods.-All calculations are conducted using COMSUITE package [33] , where both ab initio LQSGW+DMFT and charge self-consistent LDA+DMFT are implemented. COMSUITE is built on FlapwMBPT for the GW/LDA calculations [34] [35] [36] . Experimental lattice constant 4.17Å [37] is adopted for the construction of two-site NiO unitcell in Rhombohedral R3m space-group for both of AFM and PM simulations. For the AFM simulations, we constructed antiferromagnetic ordering of AFM II which is proposed as the ground state ordering for NiO [38] . The radii (R MT ) of basis of muffin-tin (MT) used in FlapwMBPT are set 2.12 bohr radius for nickel (Ni) and 1.77 bohr radius for oxygen (O). Wave functions are expanded in the MT spheres by spherical harmonics with l up to 6 for Ni and 6 for O and in the interstitial (IS) region by plane waves with the energy cutoff determined by R MT,Ni × K max = 6.7. Sampling the Brillouin zone is conducted using 5 × 5 × 5 k-point grid. For the GW calculation, we adopted product basis which are expanded in the MT spheres by spherical harmonics with l up to lmax=6 and in IS region R MT,Ni × K max = 10.0. For polarizability and self-energy calculations, all unoccupied states are taken into account. Spin-orbit coupling was not included.
For ab initio LQSGW+DMFT calculation, five Ni-d orbitals are chosen as correlated orbitals and Wannier functions for Ni-s, Ni-p Ni-d, and O-p orbitals are constructed in a frozen energy window of -10eV < E-E f < 10eV . For the charge self-consistent LDA+DMFT, five Ni-d orbitals are considered as correlated orbitals. To define five Ni-d orbitals, Wannier functions for Ni-s, Ni-p Ni-d, and O-p orbitals are constructed in a frozen energy window of -10eV < E-E f < 10eV at every charge self-consistency loop. F 0 = 10.0eV , F 2 = 7.8eV and F 4 = 4.8eV are chosen from EDMFTF database [39] to construct Coulomb interaction tensor associated Ni-d orbitals, corresponding to U = 10.0eV and J = 0.9eV . For the double-counting energy, nominal double-counting scheme [40, 41] is used with d orbital occupancy of 8.0. We tested main calculation with larger lattice constant 4.19Å and different basis set. We did not observe appreciable changes in our main result of origin of two-peak structure.
Results.-In Fig. 1 (b) , the total density of states of NiO in both AFM and PM phases are compared to experimental valence band photoemission spectra. The simulation temperatures are 300K for AFM and 600K for PM phases, respectively. Above Neel temperature, we couldn't observe the two-peak structure. Below Neel temperature, ab initio LQSGW+DMFT predicts clear two-peak structure. This behavior is consistent with experimental observation of the enhancement of the peak B upon cooling, which is suppressed at the Neel temperature.
To identify orbital characters of these peaks, we calculated the orbital-resolved density of states for both PM and AFM phases within ab initio LQSGW+DMFT, as shown in Fig. 2 (a) . In the PM phase, the single peak is dominated by Ni-t 2g orbitals and Ni-e g as well as O-p also contribute to the single peak. In AFM phase with two-peak structure, the peak A is attributed to majorityspin Ni-e g orbitals, O-p orbitals and minority-spin Ni-t 2g orbitals. The peak B is dominated by majority-spin Nit 2g . Here, the majority-(minority-) spin indicates Ni up-(down-) spin at up-(up-)spin Ni site and down-(up-)spin at down-(down-)spin Ni site. Interestingly, the Ni-t 2g magnetic splitting matches majority-spin Ni t 2g -e g splitting, making A and B peaks distinct. Peak C at lower energy side is mainly comprised of O-p.
In order to validate its momentum vector dependence, momentum-resolved spectral functions (A(k, ω)) is calculated and compared with angle-resolved photoemission data [42] . For the comparison with the experiments, spectral function is unfolded into the first Brillouin zone of the primitive cell of the paramagnetic phase in the following way.
where |W mk (|W MK ) is the bloch sum of the m th (M th ) Wannier function with the crystal momentum vector k (K) in the primitive (super) cell. G MM ′ (K, ω) is the Green's function in the AFM supercell. As shown in Fig. 2 (b) , the calculated spectral functions in the AFM phase is in an excellent agreement with experimental data measured at room temperature along the Γ-X line (parallel tox direction) of the paramagnetic unitcell [42] . The six bands below Fermi level in the AFM phase are identified by comparing the experimental data with orbital-decomposed spectral functions. The flat A1 and A2 bands contribute to the peak A and originate from majority-spin Ni-e g , minority-spin Ni-t 2g and O-p orbitals. The band B1, B2, and B3 contribute to the peak B. B1 is from majority-spin Ni-d xy and d xz orbitals. B2 is a d yz dispersion-less band which has no net hopping to O-p orbitals. Dispersive B3 band is attributed to the π bonding between O-p orbitals and Ni-d xy as well as Ni-d xz . Dispersive C band for peak C is characterized by O-p orbitals which has sizeable σ bonding with Ni-e g orbitals. The concerted effect of the antiferromagnetic ordering and intersite electron hopping realizes the two-peak structure below Neel temperature. Magnetic ordering in the Ni-e g orbitals splits majority-and minority-spin Nit 2g levels due to local Hund's coupling. The most dominant orbital characters of A and B peaks are minorityspin Ni-t 2g orbitals and majority Ni-t 2g orbitals, respectively. The A and B peak splitting is in the order of J H . Fig. 3 shows the projected density of states and its dependence on J H . One can see that the splitting between majority-and minority-spin Ni-t 2g states decreases as J H decreases within both charge self-consistent LDA+DMFT as well as ab initio LQSGW+DMFT. This magnetic splitting is close to the magnetic exchangesplitting associated with the Ni-t 2g orbitals, which is 1.5, 1.06, 0.89, and 0.35 eV within LQSGW+DMFT (J H =1.4, which is from cRPA), LQSGW+DMFT with J H = 0.9eV , LDA+DMFT with J H = 0.9eV and LDA+DMFT with J H = 0.3eV , respectively.
O-mediated electron hopping between Ni-e g orbitals sitting at two opposite-spin Ni atoms governs the majority-spin Ni t 2g -e g splitting. Fig. 4 (a) illustrates hybridization functions of Ni-e g orbitals within ab initio LQSGW+DMFT. Hybridization functions of Ni-e g orbitals for both spin channels have a strong divergence at an energy where O-p density of state dominates, showing strong electron hopping between Ni-e g orbitals and adjacent O-p orbitals regardless of its spin, which is a signature of Zhang-Rice bound state. Within DMFT framework, divergent hybridization pushes electron density away from the energy where hybridization diverges. In AFM NiO, this divergence pushes majority spin Nie g electron density toward lower-excitation energy. This can be demonstrated more evidently if we make a comparison with charge self-consistent LDA+DMFT results. As shown in Fig. 4 (c) , within LDA+DMFT, Ni-e g hybridization is divergent but its divergence is relatively weak compared to ab initio LQSGW+DMFT, resulting in smaller majority-spin Ni-t 2g -e g splitting. To confirm this idea, we constructed an auxiliary local Green's function (G aux (ω)):
T is ab initio LQSGW+DMFT hybridization function for Ni-e g orbitals, and ∆ LDA+DMF T is charge self-consistent LDA+DMFT hybridization function for Ni-e g orbitals. As shown in Fig. 4 (b) , the smaller Ni-e g hybridization makes the splitting between majority-spin Ni-t 2g and majority-spin Ni-e g smaller.
Both majority-and minority-spin Ni-e g orbitals has strong divergence at the energy where O-p density of state dominates. This means electron hops between Nie g orbitals sitting on two opposite-spin Ni atoms via O-p orbitals. In the AFM phase, up-spin electrons in the occupied e g orbitals in up-spin Ni atom can hope to unoccupied up-spin e g orbital in down-spin Ni atom via O-p orbital. At the same time, down-spin electrons in the occupied e g orbitals in down-spin Ni atom can hope to unoccupied down-spin e g orbital in up-spin Ni atom through O-p orbital. This O-p mediated electron hopping between Ni-e g orbitals sitting on different atoms with opposite spin polarization renormalizes the one-electron level and shift the majority-spin Ni-e g orbitals to higher energy. In PM phase (see Fig. 4 (d) ), Ni-e g hybridization is also divergent, but their magnitude is weaker. The relatively weak electron hopping between Ni-e g orbital to another Ni-e g orbitals sitting on opposite-spin atom can be explained by Pauli-blocking. The spin fluctuation in Ni orbital in PM phase hampers electron hopping between Ni-e g orbitals sitting on neighboring sites due to Pauli-exclusion principles. This is consistent with the non-local screening mechanism suggested by NiO cluster model calculation [10] .
Majority-spin Ni-t 2g -e g splitting as well as magnetic Ni-t 2 g splitting don't guarantee the two-peak structure but their splitting should match to each other for the distinct two-peak structure. Within charge self-consistent LDA+DMFT, there are non-negligible majority-spin Nit 2g -e g splitting as well as magnetic Ni-t 2g splitting but the two-peak structure is not visible in the total density of states. Within LDA+DMFT, majority-spin Nit 2g -e g splitting is two times larger than the magnetic Ni-t 2g splitting. Then minority-spin Ni-t 2g peak hides the density dip between majority-spin Ni-t 2g density and majority-spin Ni-e g density.
Non-negligible B peak intensity at the Neel temperature shown in Fig. 1(a) can be attributed to the shortrange magnetic ordering. In real materials in their paramagnetic phase, there is short-range magnetic order, which has been neglected in our ab initio calculation. Short range magnetic order can enhance both magnetic exchange splitting in t 2g orbital and O-mediated electron hopping between Ni-e g orbitals in comparison to the ideal PM phase without shot-range magnetic order.
Conclusion.-In conclusion, the enhancement of twopeak structure in valence photoemission experiments of NiO below Neel temperature is reproduced by using parameter-free ab intio LQSGW+DMFT. The experimentally observed enhancement is triggered by the concerted effect of the magnetic exchange splitting of Ni-t 2g orbitals caused by local Hund coupling and the majorityspin Ni t 2g -e g splitting governed by non-local intersite electron hopping. Our results provide an important example where the interplay between local and non-local physics generate a new signature in experiments. Our new understanding should be useful in designing advanced photovoltaic and spintronic devices based on the NiO.
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